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ABSTRACT

Methods for measurement of sulfuric acid, strong acids and nitrate in
atmospheric particulate matter, and for gaseous nitric acid were evaluated.
Selective extraction with benzaldehyde and titrimetry for strong acids were
compared in atmospheric trials. Gaseous nitric acid was determined by 1)
measuring the nitrate collected on nylon or NaCl-impregnated cellulose
filters after removal of particulate matter with Teflon prefilters, and

2) the difference between total inorganic nitrate (TIN) and particulate
nitrate (PN). TIN was measured by the sum of the nitrate collected with

a Teflon prefilter and nylon or NaCl-impregnated after-filter. PN was
measured by the nitrate able to penetrate a diffusion denuder coated to
remove acidic gases including HNO3. Losses of nitrate from Teflon prefilters
were determined by comparing the nitrate retained by these filters to the
nitrate penetrating the acid gas denuder. TIN was compared with the nitrate
collected on glass fiber filters to assess the origin of the artifact particu-
late nitrate on the latter. A modified chemiluminescent NOyx monitor con-
verted to measure nitric acid continuously, was compared to the filter
techniques.

Levels of H»SOy, up to 11 ug/m3 were observed in California's South Coast Air
Basin (SCAB) using selective extraction with benzaldehyde. Strong particu-
late acdid measurements by titrimetry generally supported the HoSO, determina-
tions. However, HNO3 appeared to contribute to the particulate acidity
together with the H,S0,. Gaseous nitric acid measurements in the SCAB

using nylon or NaCl-impregnated after-filters were substantially higher

than those by the difference technique. This correlated with losses of
nitrate from the Teflon prefilters, which exceeded 50% at high ambient
temperature and low relative humidity. Heating the filter samplers was

shown to increase sampling errors. Atmespheric nitrate results obtained

in short-term, low volume sampling with Gelman A glass fiber filters approxi-
mated those with the TIN samplers. Accordingly, these glass fiber filters
retained essentially all the gaseous nitric acid sampled.
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INTRODUCTION

Phase I of this program investigated methods for the determination of
sulfuric acid and strong acids in atmospheric particulates as well as
nitric acid in ambient air. The procedures for particulate acids
employed sampling with inert filters, processing the samples under
conditions designed to preserve strong acids followed by analytical
techniques appropriate for sulfuric acid (H,80,) and strong acids.

These techniques were evaluated and compared using laboratory-generated
mixtures of < 0.3 um diameter H,S0,, (NHy),S0,, and NH,HSO, aerosols on
clean and atmospheric particulate~loaded filters. Based on filtration
efficiencies and recovery studies with submicron sulfuric acid aerosol,
acid-washed quartz fiber and one or two micron pore size Teflon membrane
filters were employed. H,S80, was determined by selective extraction with
benzaldehyde followed by quantitation as sulfate by the ATHL microsulfate
method. Strong acid was measured by microtitration with exclusion of
carbon dioxide. Nitric acid was sampled by collection on nylon, and on
sodium chloride-impregnated cellulose filters after removal of atmospheric
particles with an inert prefilter. Following aqueous extraction, nitric
acid was determined as nitrate by the automated copper-cadmium reduction,
diazotization procedure.

The applicability and utility of these procedures were assessed by
atmospheric sampling in Pittsburg, California. To stabilize strong acids
on filters, > 3 um particles, which can contain alkaline soil components,
were excluded. In addition, with one sampler atmospheric ammonia was
removed ahead of the filter by means of a diffusion denuder. Simultaneocus
gas phase ammonia measurements were made to assist in interpreting the
particulate sample results.

The Phase I results showed that the presence of atmospheric particulate
matter sharply reduced recoveries of laboratory-generated HoSOy but
recoveries of total strong acid usually remained > 60%. Anhydrous benzal-
dehyde was found to extract NH,HSO, to a substantial degree. Laboratory-
generated nitric acid was collected with high efficiency by both nylon
and NaCl-impregnated filters while nitrogen dioxide was not retained by
these filters at 90% R.H. The ammonia denuder was shown to remove

ammonia with > 99% efficiency.

The field sampling in Pittsburg, California showed good correlation
between sulfuric acid and particulate strong acid measurements. As much
as 0.6 pg/m3 H,80, and 1.6 ug/m® acidity, expressed as HyS0,, was found.
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However, based on recovery studies we believe these represent lower limit
values. Excellent agreement was found between nitric acid measurement
by nylon and NaCl on cellulose filter collection with concentrations up
to U ug/m3. Glass fiber filters were shown to collect, quantitatively,
both particulate nitrate and gas phase nitric acid at the relatively low
concentrations observed at Pittsburg.

The present phase of this study was designed to evaluate these  sampling
and analysis techniques at two locations in California's South Coast Air
Basin (SCAB). One of the sites, Lennox, was expected to exhibit relatively
high H,80, levels based on its proximity to sulfur oxide emission sources.
The second site, Claremont, was in an area where high (> 50 ug/m3) HNO4
and particulate nitrate levels were expected. Tmproved procedures were
employed to minimize losses of the particulate acids during sample storage
and handling, and the analytical procedure was modified to reduce the
limit of detection for H,S80, with hi-vol filter samples. In addition

to the nitrate and HNO3 sampling techniques previously employed, the
present study included a potential reference technique for particulate
nitrate and HNO3 measurement. This technique measures HNO3 as the differ-
ence between total inorganic nitrate (gaseous plus particulate nitrate)
and true particulate nitrate. HNO3 and NH3 results at Claremont were
compared to those of the Statewide Air Pollution Research Center's

Fourier transform, long path infra-red analysis method. The effect of
atmospheric NH3 on both nitrate and sulfate chemistry was also assessed.

Laboratory evaluations in the present phase included measurement of
sampling errors for HNO3 with filter techniques, and an evaluation of the
potential reference technique for particulate nitrate and nitric acid.

In addition, a continuous HNO3 analyzer was constructed from a chemilumi-
nescent NOy monitor, and evaluated. Since the use of the NH3 denuder in
acid sulfate sampling may cause increased acid formation in particulate
matter by loss of NH3 from NH4+ salts, laboratory trials evaluated this
possibility.
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II.

TECHNICAL SUMMARY AND CONCLUSIONS

A combined laboratory and field study has continued investigations of
methods for monitoring atmospheric sulfuric acid, nitric acid and strong
acids in atmospheric particulates. A potential reference technique for
atmospheric HNO3 and particulate nitrate was also investigated. Sulfuric
acid was measured by selective extraction with benzaldehyde followed by
quantitation as sulfate using the ATHL microchemical sulfate méthod.
Nitric acid was measured by sampling with nylon or sodium chloride-
impregnated cellulose filters following removal of particulate nitrates
with a Teflon prefilter (1 or 2 um pore size Zefluor, Ghia Corp.).
Following aqueous extraction, nitric acid was measured as nitrate by the
automated, copper—-cadmium reduction diazotization procedure. Nitric acid
was also measured continuously by a modified Monitor Labs chemiluminescent
NOy analyzer and by a newly proposed difference technique. The latter
uses the sum of the nitrate retained by a Teflon prefilter and nylon or
NaCl-impregnated after-filter to measure total inorganic nitrate (TIN).
Particulate nitrate (PN) was measured with a Teflon prefilter plus after-
filter following passage of the sample stream through a diffusion denuder
coated with powdered MgO to remove acidic gases (e.g., HNOj). TIN less PN
provided a measure of the HNO3z concentration. The TIN and PN samplers
were evaluated as potential reference methods for HNO3; and particulate
nitrate. Particulate strong acid was measured by a microtitration pro-
cedure in which an amount of strong acid sufficient to produce pH = k.0
in distilled water was added to each sample followed by potentiometric
titration with base to this pH.

The laboratory phase of the HoSO, and particulate acid method evaluation
included an assessment of errors induced by use of an ammonia diffusion
denuder. The latter was used in atmospheric sampling to minimize losses
of the acid by neutralization with NH3 and other gaseous bases following
collection on a filter. In principle such a denuder could cause errors
in measured HoS80, and Bt values by inducing loss of NH3 from (NHy),S04
and other ammonium salts. In addition any transfer to the filter of the
NH3-trapping reagent, phosphorous acid, would produce positive errors in
the HY measurements. However, passage of clean air through the denuder
followed by blank Teflon filters or filters loaded with (NHy),S0y or
(NH4)2804~NH4N03 mixtures caused no increase in acidity on the filters.
Thus use of the ammonia denuder does not produce positive errors of this

type.

Nitric acid sampling with filters was evaluated with and without filter
heating (e.g., passing heated air through the sample for three minutes




following sampling) to desorb HNO3 from sampler surfaces. The efficiency
of NaCl-impregnated Whatman L1 cellulose filters (NaCl/Whl) for HNO,
collection remained about 97% under all conditions. However, with heated
nylon filters the efficiency was low at high HNO3 loadings (e.g., 30%

for sampling of 2350 ug HNOj3, as NO3—). Unheated nylon filters provided
95 + 11% collection efficiency at up to 3000 ug HNO3. Nylon filters

from Millipore Corp. and Ghia Corp. were shown to be equal for HNO4
sampling.

Clean Teflon prefilters retained negligible amounts of HNO3 with or
without heating. However, prefilters loaded with atmospheric particulate
matter retained up to 25% of HNO3 at 300 to 500 ug/m3 concentration, the

retention increasing with the particulate matter loading. Heating decreased

but did not eliminate the observed retention. The HNO3 retained on the
prefilter represents a positive error in particulate nitrate measurement
by filter collection. However, a loss of atmospheric HNO3 by collection
on the prefilter may not be observable in atmospheric sampling because of
a compensating error; dissociation of NH,NO3 on inert prefilters and

loss as HNO3 might more than compensate for atmospheric HNO3 retention.
Such dissociation is probably repressed in laboratory trials with constant,
elevated levels of HNOj.

Loss of NH,NO3 from Teflon filters by volatilization into a stream of
clean air (with collection of HNO3 on a reactive after-filter) was shown
to be important. At 21°C, an average of U45% nitrate loss was observed in
six hours at 20 Lpm with filters initially loaded with about 200 pg NO3™.
A lower limit dissociation constant value of 22 (ppb)? was determined.
Such loss yields positive errors in HNO3 sampling by the Okita and Spicer
procedures but negative errors in particulate nitrate. Loss of NH,NOj3
from Teflon filters was also demonstrated by reaction with H,S0, aerosol
and with gaseous HCl. With H,S0, at an H¥/NO3™ equivalents ratio of 1.k,
nitrate loss of about 95% was observed in six hours in a stream of clean
air at 90% R.H.

Loss of nitrate by NHyNO3-HC1l reaction has not been previously reported.
Two hour exposures of 100 * 20 ug NH,NO3 to air containing about 20 ppb
HC1 at 50% R.H. caused ca.90% loss of nitrate compared to 18% by volatili-
zation under these conditions. Atmospheric levels of HC1l in U.S. cities
have not been reported but may be similar to values found in coastal
cities in Japan (5_8 ppb). Thus nitrate reaction with HC1 may be another
source of negative error in particulate nitrate and positive error in

HNO3 measurement by dual filter methods.

Laboratory evaluation of the potential nitrate reference sampler included
measurement of the efficiency of the denuder for HNO3 removal and the
extent of particulate nitrate loss in the denuder. The denuder was shown
to remove, on average, 88% of gaseous HNO3. No loss of 0.1 to 0.4 pym or

2 £ 1 um particles of NH,NO3 was. measurable in the denuder. However,
loss of > 3 um nitrate particles by impaction might still be a significant
source of error. This could not be directly evaluated.
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A dual channel Monitor Labs model 8840 E chemiluminescent NOyx analyzer

was converted to measure HNO3 by difference between NO + NO, + HNO3 on

one channel and NO + NO, on the second. Response of the sampler to pure
HNO3 was about 10% below that with NO, The limit of detection was
estimated to be 6 ppb. A substantial lag time was observed in response

to variation in the HNO3 levels apparently due to conditioning of the
tubing. Further improvements are needed to decrease the limit of detection
and improve the response rate before its routine use can be recommended.

Nitric acid measurements by the modified chemiluminescent NOx analyzer
were compared to those by filter collection (Okita Method) and to nitric
acid by the difference method, TIN-PN using laboratory- generated HNOj3.
When corrected for the 12% HNOj penetratlon through the denuder, results
for the three methods agreed within 11%. Without correction, agreement
was within 17%. The presence of particulate matter on the prefilter
caused the Okita method results to be 13 to 18% below those of the other
methods, reflecting HNO3 retention on the particulate matter.

Atmospheric sampling was done at Lennox and Claremont, California in the
South Coast Air Basin. Lennox was chosen because of its expected
elevated HpS0, levels while high nitrate levels were expected at
Claremont. Sampling techniques included all described above except the
chemiluminescent HNO3 analyzer which was not then available. TIn addition,
sampling for NH3 was done using a lo-vol filter sampler with a glass

fiber prefilter (pH = 7.6) and an oxalic acid-impregnated after-filter.
Sampling for H,504, HY and other aerosol constituents employed short term
respirable hi-vol filter samples on acid-washed gquartz filters (without
NH3 denuder) in addition to the lo-vol sampler previously described.

At Lennox HyS0y concentrations up to 11 ug/m were observed with the hi-vol
sampler, the first report of substantial HpS0, levels in Callfornla ambient
air. This compares to California's 2h-hour standard of 25 ug/m for total
water-soluble S04,=. Particulate acidity values appeared to represent
HyS0y,, NHyHSO, and adsorbed (or dissolved) HNO3z. Eight-hour lo-vol

filter samples had low H,S0, recoveries but HY values up to nearly 11 ug/m
(expressed as S0,~), consistent with the conversion of HpSOy to NHyHSO,

a strong acid, on the filter. Short term sampling and low temperature
sample storage appeared to be useful in maximizing H,S0y recovery. The
dependence of H,S0, levels on wind direction at Lennox suggested stationary
emissions as the source of the observed HyS0y.

Glass fiber U7 mm diameter filters sampling 2 to 8 hours at 25 Lpm were
shown to approximate total inorganic nitrate (TIN) samplers, collecting
both atmospheric particulate nitrates and nitric acid. The latter repre-
sented, on average, about half of the TIN. DNitric acid was the only
observable contributor to artifact particulate nitrate with glass fiber
filters.

Heating of filter samplers for atmospheric particulate nitrate and HNOj
caused increased error and is not recommended. Even without artificial
heating, > 50% loss of PN from Teflon prefilters occurred under warm and
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dry ambient conditions with corresponding positive error in HNQO4
meagurement, Such loss and positive error appear to deominate over HNOj
retention on the prefilters, which were changed at 2 to 8 hour intervals
to minimize particulate loadings. Under conditions of high particulate
acidity, evidence of acid-induced nitrate loss was also found.

Atmospheric nitric acid values were compared to those by simultaneous
Fourier transforminfra-red measurements. Results by the difference
method were, on average, high by 20%, but were substantially more accurate
than those by simple filter collection techniques. The 12% penetration
of HNO; through the acid gas denuder was more than offset by an opposing
source of error, possibly loss of > 3 ym PN in the denuder. Nevertheless,
sampling of PN with an acid-gas denuder led to improved sampling accuracy,
especially at high ambient temperature, relative to nitrate sampling with
a Teflon filter.

Aside from volatilization of nitrate from the prefilters, simultaneous
HNO; and NH; measurements and the temperature dependence of the calculated
dissociation constant support the significance of an equilibrium of these
gases with solid NH,NO3 in the atmosphere. Observed diurnal variations

of particulate nitrate (e.g., morning maxima) and HNO; may be more
influenced by the effects of changing temperature and NHy levels than on
the kinetics of NOyx to HNO3 conversion.

Principal conclusions from the current study are as follows:

1. Atmospheric H,80, in California's South Coast Air Basin can be

'~ determined by short term (2 to 8 hour) sampling with acid-washed
quartz fiber filters, low temperature storage of samples in air-
tight containers, selective extraction with benzaldehyde and quanti-
tation as SO,~ by the ATHL microsulfate method.

2. Levels of H»,SO, up to 11 ug/m3 were observed at Lennox probably due
0 nearby emissions of HpS80, and/or SO3. Adsorbed or dissolved HNOj
probably contributes to the particulate acidity measured by titration.

3. An NH3 denuder is not essential for sampling atmospheric HpSOy.

b, Particulate nitrate sampling with inert filters yields results which
are frequently only a small fraction of the true value because of
dissociation of NHLNO3 and loss of the resulting HNO3. In addition,
other strong acids (e.g., H2804) can cause substantial nitrate loss.
If present, gaseous strong acids (e.g., HC1l) will also cause negative
errors in particulate nitrate.

5. Nitric acid values obtained by dual filter techniques (e.g., the
Okita and Spicer procedures) are typically too high because of
particulate nitrate loss from the prefilter.

6. Particulate nitrate (PN) results obtained with an acid gas denuder
which removes HNO3 are substantially more accurate than those obtained

S




by sampling with inert filters under conditions of high ambient
temperature and low R.H.

Nitric acid results obtained as the difference between total inorganic
nitrate (TIN) and PN are more accurate than these by the dual filter
procedures, but average about 20% too high relative to a long path
infra-red technique. Loss of » 3 um nitrate particles in the denuder
may be the cause of the positive error.

Artifact nitrate formation on glass fiber filters corresponded to
the collection of essentially all of the atmospheric HNO3 even at
high levels of the acid. Thus it is: likely that the nitrate values
obtained by the present ARB hi-vol network represent the sum of the
particulate nitrate and nitric acid rather than particulate nitrate
alone. For samples in the South Coast Air Basin, HNO3 represented
about half of the total inorganic nitrate.

Further modifications of the Monitor Labs NOx analyzer are needed to
reduce the limit of detection for HNO3 as well as the response time.
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III. LABORATORY EVALUATION OF TECHNIQUES FOR HNO3 AND PARTICULATE NITRATE
MEASUREMENTS

A. Nitric Acid Sampling with Filters

1.

Introduction

The Okita procedure? for HNO3 collection employs & Teflon pre-
filter to remove particulate matter and an NaCl-impregnated
cellulose after-filter to collect the HNO3, later measured as
nitrate. The Spicer procedure3 differs only in the use of nylon
in place of the NaCl-impregnated filter. Filter collection of
gaseous HNO3 is, in principle, subject to error from losses by
sorption on the inner walls of the sampler, on the inert pre-
filter and on the atmospheric particulate matter on the prefilter.
Since such sorption might be rapidly reversible, descorption could
occur after sampling but before HNO3 on the prefilter or sampler
walls could be recovered by extraction. The effects of heating
the sampler to drive any weakly bound HNO3 to the after-filter
was, therefore, evaluated using both clean and atmospheric
particulate-loaded Teflon prefilters.

Both Duralon (Millipore Corp.) and Ghia Corp. nylon filters were
evaluated. The former are no longer commercially avallable.

Nylon and NaCl-impregnated, Whatman 41 cellulose filters (NaCl/whl)
were compared for efficiency with and without filter heating at
varying HNO3 loadings. The influence of extraction conditions

was evaluated since any differences observed may relate to the ease
of extraction of HNO3 (as NO3 ) following collection. As in the
preliminary studiesl, nylon, filters were extracted in 0.1N NaOH
based on findings by Lazrush, and NaCl/Whl and Teflon prefilters,
in double distilled water.

Extraction of HNOz from Filters

To evaluate the effectiveness of different extraction procedures,
HNO3 at two levels was collected simultaneously with up to seven
filters without using prefilters. Extraction conditions and
results are given in Table 1 from which we conclude that, 1)
extraction using an Eberbach platform shaker recovers,on average,
35% more nitrate compared to ultrasonic extraction, and 2) no
difference is observable between 30 and 60 minutes ultrasonic
extraction or between 30 and 60 minutes mechanical shaking.
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Based on these results as well as independent studies of nitrate
extraction in water, f0-minute mechanical shaking was employed
for subsequent laboratory and atmospheric samples.

Loss of HNO3 on Prefilterg, Particulate Matter and Sampler Walls

If HNO3 loss by desorption from Teflon prefilters is significant,
then samplers lacklng prefilters should yield higher HNO3
recoveries. Indeed preliminary results suggested this to be the
case.l Additional trials comparing HNO3 collection with clean
and atmospheric particulate~loaded prefilters, with and without

a Teflon prefilter, are given in Table 2. Two types of samplers
without prefilters were evaluatedj; one type employed a two-stage,
stacked Nuclepore filter holder with the first-stage empty. The
second used only a Nuclepore singe-stage filter holder. No
filter heating was employed. Comparison of results with these
samplers permitted assessment of the significance of air leakage
with the two-stage sampler as well as the additional wall losses
encountered when a prefilter is used. Results are corrected for
the atmospheric particulate nitrate if present (assuming no
volatilization of this nitrate from the prefilter during these
trials).

Based on ratios of means, average results by the three samplers
differed by only+ 3%. Relative to the samplers with prefilters,
the ratios of mean results were 0.97 for the two-stage and 1.03
for the single-stage samplers without prefilters. Thus these
results do not support the significance of HNO3 loss by desorp-
tion. The retention of HNO3 on particulate matter observed in
these trials will be discussed below.

Okita et al.2 and Forrest et al.6 have employed sampler heating

to decrease error in HNO3 sampling. To evaluate the effects of
such heating, Teflon prefilters and NaCl/Whl or nylon after-filters
were subjected to either continuous heating during sampling at Lo°c,
or to three minutes sampling clean air at ca. 50°C following HNOj
collection. Both clean and atmospheric-particulate loaded pre-
filters were employed. The filter holder inner walls and filter
support grid were rinsed to assess HNO3 losses on these surfaces.

Tables 3 and 4 detail experiments to assess the effects of filter
heating, use of a clean or soiled prefilter and extent of wall
losses. We conclude from these experiments that 1) as in Table 2,
the use of a clean prefilter does not reduce the HNO3 recovered
on the after-filter with or without filter heating, 2) HNOg
losses to the sampler walls are not significant, 3) particulate
matter on the prefilter caused 5.6 * 0.4% retention of HNO3 at
50% R.H. and about 30% retention at 80% R.H. in spite of filter
heating. (Since the atmospheric nitrate level on the prefilter
was only about 3 ug/m3, volatilization of this NO3~ from the pre-
filter would cause a relatively minor error in the observed HNOg

10
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retention), and 4) with heated samplers using nylon after-filters,
recovery of HNO3 was reduced in some cases by up to 25%. The
source of this loss and its varisgbility will be discussed in
Section 4 below.

In Tables 2 through 4, the level of HNO3 retained by the particu-
late matter on the prefilters varied depending on particulate
loadings and exposure conditions. The relationship between TSP
loadings on the prefilter and HNOj retention with heated and
unheated samplers is shown in Figure 1. With high TSP, > 20%
retention is observed. It should be noted that with prefilters
bearing relatively high particulate nitrate levels, volatiliza-
tion of ammonium nitrate by dissociation to HNO3 may more than
offset HNO3 retention. Under such conditions heating the samplers
may aggravate this source of positive error in HNO3 measurement.
However, such sources of positive error in HNOj3 are probably
repressed during these laboratory trials since the presence of

a continuous, relatively high HNOg level should hinder dissociation
of NH,NO3. Positive errors in HNO3 measurement are more likely
to be observed in atmospheric sampling. Frequent filter changes
are desirable to minimize both positive and negative error in
HNO; measurement.

The nitrate values on nylon and NaCl/Whl filters in Tables 2, 3, L
permit assessment of the precision of sampling HNOj in the con-
centration range 60 to 300 ug/mg. The median C.V. for trials in
which two or more values were averaged was 3.5% for NaCl/wil

(n = 13, range 0.1 to 21%) and 4.4% for Duralon nylon (n = L,
range 1.9 to 6.8%).

The Efficiency of Nylon and NaCl-Impregnated Filters for HNO3
Collection '

The efficiency of post-heated nylon and NaCl/Whl for HNO3 collec-
tion at high HNO3 loadings was determined by sampling with two
filters of the same type in series, and with nylon followed by
NaCl/Whl, as shown in Table 5. All trials were for six hours
during which 1700-2600 ug of HNO3 was sampled. Based on the
proportion of HNO3 retained on the initial filter, NaCl/whi
filters were 97 * 1% efficient at 50 and 80% R.H. With a Duralon
front filter and NaCl/whkl after-filter, the total recovered HNO4
was reduced by 16 to L40% suggesting unidentified losses in spite
of post-heating the sampler. With two nylon filters in series,
30-50% of the HNO3; was on the after-filter. This implies rela-~
tively low efficiency for these filters, consistent with the low
total recovered HNO3 in these samplers. To obtain efficiencies
for nylon filters, the HNO3 retained on nylon front filters was
compared to the HNO3 retained by the NaCl/Whl front filter samp-

ling in parallel. The latter was corrected for the 3% penetration.

The results indicate that at high HNO; loadings, post-heated
nylon filters are only about 33% efficient at 50% R.H. and about

1h




% HNO3 Retained

28

24

20

16

12

Figure 1

RETENTION OF HNOy ON ATMOSPHERIC PARTICULATE MATTER
(300- 500pg/m> HNO3) T

O 50% R.H., Filters heated

@ 80% R.H., Filters heated

] 50% R.H. Filters unheated

B 80% R.H., Filters unheated

A\ 307 R,H, (32°C) Filters unheated

| | | | |

200 400 600 800 1000

hg particulate/&?mm filter
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50% efficient at 80% R,H, These results contrast with those shown
in Tables 3 and 4 implying that the efficiency of nylon filters
for HNO3 varies with the total amount collected, at least when
heated samplers are employed. Figure 2 summarized calculated
efficiencies observed for Duralon nylon and NaCl/Whl filters at
varying HNO; loadings and 50-80% R.H.

Efficiencies for heated nylon filters decreased sharply with
increased HNOj; loadings. However at loadings likely to be encoun-
tered in ambient air samples, < 500 ug HNO3 as NO3~, efficiencies
for nylon aré < 10% below those for NaCl/Wil. With unhested
nylon filters the mean collection efficiency was 95+ 11%.

Forrest et al. have noted the decrease in efficiency of NaCl
impregnated filters at low R.H., finding about 50% efficiency at
25% R.H.13 To assess the effect of humidity, unheated NaCl/Whl
filters were evaluated for efficiency at < 2% R.H. With three
trials at 285 ug/m3, on average, only 55% of the HNO; retained by
two NaCl/Whl filters in series was on the front filter. Using
the technique of Smith,l2 the overall sampler efficiency for the
two filters in series is about 40%. In general, these results
are not significant for atmospheric sampling but may influence
laboratory applications of these filters as HNO; samplers.

Since Duralon filters are no longer commercially available, an
alternative nylon filter supplied by Ghia Corp. was compared to
Duralon as shown in Table 6, The results indicate no significant
difference in efficiency between the two filter types.

Summary and Conclusions

a. HNO3 sampling with heated nylon filters yields low results

because of reduced efficiency especially for high HNO; loadings.

Unheated nylon and NaCl/Whl filters with or without heating
are 3_95% efficient independent of HNO3 levels. These results
are consistent with HNO3 retention on nylon by physical ad-
sorption and on NaCl/Whl, by chemical reaction (e.g., NalOj
formation with liberation of HC1).

b. Ghia and Duralon nylon filters are not significantly different
for HNO3 sampling.

c. Losses of HNOg up to 25% were found on particulate matter on
the prefilter. The losses were highest with unheated samples
at high R.H.

d. Heating filter samplers reduced loss of HNOg3 on soiled Teflon
prefilters significantly. Heating may, however, aggravate
positive errors in atmospheric HNO3; measurement by volatiliza-
tion of NH,NO3 from the prefilter.

17
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Comparison of Duralon and Ghia® Nylon

Table 6

HNO; Sampled (as pg NO3 )

6840 ¢
136824
l699b NS

3398%>¢

Ghia Corp., Pleasanton, California.

10 Lpm.
50% R.H.
20 Lpm.

80% R.H.

19

Filters for HNO3 Collection

Ghia Nylon/

Duralon

Mean:

1.13
0.96
1.00
0.99

1.0 + 0.1




e. ©Since volatilization of NH,NO3 from the prefilter will yield
lower apparent HNO3 loss, the observed loss of HNO3 to parti-
culate matter is expected to vary with the nitrate content
of the particulate matter.

B. Negative Errors in Particulate Nitrate Filter Sampling

1.

Introduction

As discussed in the preceding section, HNO3 is retained by parti-
culate matter on inert prefilters representing a source of posi~
tive error in determining particulate nitrate by conventional
filter collection. Such error may, however, be more than offset
by losses of particulate nitrate from the prefilter producing a
corresponding positive error in HNO3 measurement by collection on
an after-filter. Such loss of particulate nitrate can result
from volatilization of nitrate salts or by reaction of such salts
with gaseous or particulate strong acilds.

Volatilization of Ammonium Nitrate

To evaluate losses due to volatilization, air free of particulate
nitrate and HNO3 was passed through filters loaded with about

200 pg < 0.5 um particle size NH,NO3 at 20 Lpm for six hours.

Both the decrease in nitrate on the loaded filter and the increase
in nitrate on NaCl/Whl after-filters downstream of the loaded
filter were measured. The results of trials at 50% and 80% R.H.
are shown in Table 7. At 50% R.H. excellent agreement was observed
between the techniques; both indicdted close to 60% loss of
nitrate to the air stream. At 80% R.H., the 50% NO3™ loss, by
difference, compares to 33% based on the NO3~ collected on the
after-filter. Nitrate losses to the inner surfaces of the filter
holder may account for some of this difference. Such losses

were not measured, however. On average, the loss of NH,NOg
appears to decrease at higher R.H.

These results suggest that volatilization of NHyNO3 can be a
major source of negative error in sampling particulate NO3~ with
Teflon filters. This must result in a corresponding positive
error in HNO3 measurements by the nitrate collected on after-
filters. However, the presence of relatively high NH3 and HNOj3
levels in ambient air may decrease this error relative to that
in Table 6, while elevated temperatures should increase it.

These data permit estimation of the equilibrium constant for NHyNOj
dissociation:

NH,NO3 2 NH3 + HNO3 K = (NH3)(HNO3)

Based on a mean loss of 45 + 11%, K is > 22 (ppb)% Since the air

20
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stream may not be saturated on passing through the loaded
filters, this is a lower limit value. It compares to the value
ca. 10 (ppb)? at 20°C for pure NH,NO; based on extrapolated
dissociation pressure wvalues.

Logs 'of Nitrate by Reactions with Gaseous and Particulate Acids

Loss of nitrates from inert prefilters may result from reaction
of any nitrate salt leading to HNO3 formation. Reactions of
NH,NO3 with gaseous and particulate strong acids were evaluated
since this salt may often be the dominant nitrate form present
in atmospheric particulate matter. The reactions considered
include:

a. NH,NO3(s) + HC1l(g) - NH,C1(s) + HNO3(g)

2
AF298°K = +1,98 Kcal/mole

b. 2NH,NO3(s) + H,50,(1) » (NH,),80,(s) + 2HNO3(g)

= 3 2
AF298°K +4 14 Keal/mole

= -L
Koggo = 9+21 x 10

Loss of NO3—8b¥ reac¢tion with HySO, has been previously observed
or inferred.®» The reaction is irreversible under conditions
in which HNO3 is permitted to escape. Based on standard free
energy of formation calculationslO neither reaction is favored
thermodynamically. However, under conditions in which the
equilibrium concentration of HNO3 is not permitted to build up
(e.g., in a moving stream of air passing through a filter loaded
with NH,NO3 particles), NH,NO3 loss might still occur.

To evaluate the loss of NH,NO3 with gaseous HCl, ammonium nitrate
particles of < 0.2 um diameter particle size were generated with
a nebulizer system previously described.ll Particles in the range
> 0.1 um were measured with a Royco Model 226 optical particle
counter.

Teflon filters loaded with 80-130 ng of the salt (as NO3~) were
exposed for two hours to clean air or to about 20 ppb HC1l in air
at 50% R.H. The HCl concentration was established with bubbler
samples collected in 0.01M NaOH and analyzed by a colorimetric
procedure using mercuric thiocyanate.1 Other conditions and
results are summarized in Table 8. In the absence of HC1l, the
nitrate loss due to volatilization was about 18%, which compares
to 19.5 * 0.3% calculated from Table 7 assuming a constant loss
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Table 8

PERCENT LOSS OF NH,NO3; FROM TEFLON FILTERS BY
REACTION WITH HC1 IN AIR AT 50% R.H.a,b

% Loss at HC1 level

Mean NH,NO3 Loadings

(ug NO5;~/filter) 0 17 + 1 ppb 23 + 1 ppb
128 18.1 £ 0.7 87 + 4
80 90 + 8

a. 0.2 £ 0.1 um NH4NO3 particles on 47 mm, 2 ym pore size Zefluor filters.
Flow rate = 20 Ipm, T = 21 # 1°C. Sampling time =

b. Results are mean values for two filters run side-by-side.

23
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rate with time. Vhen 17 to 23 ppb HC1 was added, the nitrate
loss increased to about 90% of the particulate nitrate sample.
Thus the effect of HCl on nitrate loss from Teflon filters was
dramatic.

Few data on atmospheric HCl levels are available. Existing data
indicate levels up to about 8 ppb with highest values in seacoast
cities.1> HCL at or above this level are possible for many areas
in California and might, therefore, profoundly influence particu-~
late NO3~ values obtained in sampling with inert filters.

To evaluate nitrate loss due to HyS0, reactions employing Teflon
filters previously loaded with NH,NO3, H,S0, aerosol (< 0.1 um)
was added using the generator previously described. l Loading
time to add about 100 ug H,50, was ten minutes. The R.H. during
H,80, loading was < 1%. Loss of NO3™ during and subsequent to
Hy80, loading was judged by the NO3~ collected on NaCl/Whl after—
filters. Half of the samples were subject to additional exposure
to clean air for six hours at 90% R.H. at flow rates equivalent
to that used in atmospheric NO3~ sampling. Sample loadings and
results are summarized in Table 9.

During the ten minutes required to load the Hy,80, aerosol, loss

of nitrate averaged 9 to 1U4%, more than twice the loss ascribsble
to volatilization. When exposed to a clean air stream for an
additional six hours at 90% R.H., the loss observed was close to
95%, about three times the loss of NO3™ observed from filters
without Hy80,. Thus the reaction of NH,NO3 with H,SO, on the
filter surface is not immediate at < 1% R.H. At 90% R.H., wherein
the NH,NO3 deliquesces to liquid droplets which are likely to
dissolve the HpS0, as well, the reaction is nearly complete after
six hours.

We conclude that because of the significance of loss of NHyNO3 by
volatilization as well as reactions with particulate strong

acids (e.g., HyS04) and gaseous strong acids (e.g., HC1) particu-
late NO3™ values obtained with Teflon filters represent lower
limits to the true NO3~ levels.

C. A Potential Reference Meéthod for HNO3 and Particulate Nitrate Sampling

l.

Introduction

In the preceding sections it was demonstrated that particulate
nitrate measurements by collection on inert filters are subject
to both positive and negative errors. These lead to the compli-
mentary error in HNO3 measurements by HNO3 collection with an
after-filter. Nevertheless, the sum of the nitrate retained by
the prefilter and an efficient after-filter should equal the
total inorganic nitrate (i.e., HNO3 plus particulate nitrate).

2k

T




S M (it S | oSl AN - S i, el it i i

T T M= | . P33 o

‘wd gz @381 MOTL

TO+ %1

“1°0 wﬂ L1170

)

imez\+m sjusTearnbe 7O Ool3eI TRIITUT ‘U

fl

lmoz\+m sjusTearnbs jo or3exz TerITUT ‘%

*"0S°H pappe InoyIrm 3Ing ,_EON TRIITUF, S® 940qE UHOUS TOAST _SON °u3 uTejuo® ATTBIFTUT SASITTL *J

‘AT £°82 JO 938 #OTI PUR 'Y YT 38 "0SCH JO SUTPEOT "UTW (T SUTIND 380T €0y oUy SSpUTOUT ‘o

"SISYTTF THM PegBudsadut-Toey £q PeqosTIo) °p

*SIOYTTI Wl Lf UYITH

wdT 0T JO 938X MOTJ ® 9B SJIS3TTJ 9YJ UO DOPBOT SBAM f0S%H uoTus SuTanp potasd oYz SBA SWTY UOT30®BS3Y °*O

"EON"HN U3TA SUTPEBOT TBIFTUT SUTMOTTOJ pappe saTotgxed hoglhy wr T+Q S woig "q

T°GE 0'62
JTEF 0019 280 + €798
9°6 + £°6g T'f + 216
L'z + Tl 9'Z + 616
II TBTaL T TeTaL
4 H'H %06

*dmeq woox ge sanoy 9

uoT3089y EONMHN - HOSCH JI0J SUOTRTPUO)

¢ >
"0 + 9°GT

S+ €9

9'2 + L°€TT

IT TBTJIL

"saToTaed foNtHN wi T'Q ¥ 2t Wwoxg ®

g > mm: ‘UOT}BZTTTIIBRTOA £q 3SOT 91BILIN
m.o.H 06 wma ‘uorqomaa fogly £q gsof S1BJILTN
G¢'€ + 699 pn:om 8 ‘hogly TeT4TUT
m°6 + T°T0T LI ¢_CoN TBTITUI

I TBTIL

geo H'Y 4T >
*dweq WOOJI 9B UTW (T

Tosoasy "0gCH Y3ITA UOT4OBIY 0% ong SISTTA jaxour woxy EonNhHN Fo sso

6 °T49BL

25



R. Shaw et al. recently\proposedl6 use of such a total inorganic
nitrate (TIN) sampler in parallel with a particulste nitrate
sampler as shown schematically in Figure 3. For the latter, the
ambient air mixture of HNO3 and particulate NO3~ passes Pirst
through a diffusion denuder coated on its inner walls with
powdered Mg0O. The relatively rapid diffusion of gases permits
removal of HNO; (and other acidic gases) while permitting non-
volatile particulate matter to penetrate with high efficiency.
The nitrate reaching the Teflon prefilter in this case should

be true particulate nitrate. The after-filter collects any of
this nitrate lost by volatilization or reactions liberating HNOg3.
If particulate NO3~ is not lost in the denuder, the total of the
NO3™ on these two filters equals the total particulate nitrate
(PN) in the atmosphere. The difference between TIN and PN should
equal the ambient HNO3 level.

The efficiency of HNO3; removal in such a denuder, under conditions
of laminar flow (Reynolds number < 2000), can be calculated by
the Gormley-Kennedy equa.tion:3T

S = 0.82 exp(-150) + 0.098 exp(-89A) + 0.033 exp(-228)
(o]
where A = DLm/Lq

D = diffusion coefficient (cm?/sec)

L = total length of tube (cm)

Q = flow rate through tube (em3/sec)

Co = concentration entering tube

C = average concentration exiting tube

(1 - C/Co) x 100 = percent removal

At the time this work was initiated a diffusion coefficient for
HNO3 was not available. Accordingly, a value of D = 0.4 cmz/sec
was employed, as previously used for NH3. It should be noted that
tube diameter is not critical as long as the Reynolds number is
maintained below 2000. The most compact denuder configuration
consists of an array of parallel tubes, the sum of whose lengths
vield the desired total tube length. Based on this value for D,
a denuder with eleven, 30 cm tubes should provide > 99% removal
of HNO3 at 20 Lpm (Reynolds number < 500) while removing < 6% of
the > 0.01 um particles by diffusion. The data in Section V are
based on a denuder of this design. More recently a diffusion
coefficient of 0.15 cm?/sec was measured for HNO3.l With this
value and the above equation, the denuder employed for the pre-
sent work has an expected efficiency for HNO3 removal of 85.7%.

Laboratory Evaluation of the Efficiency of the Denuder for HNO3
Removal

The efficiency of the denuder with eleven, 30 cm tubes was
measured by sampling laboratory-generated HNO3 in parallel with
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Figure 3. SCHEMATIC DIAGRAM OF NITRIC ACID
MEASUREMENT BY A DIFFERENCE TECHNIQUE
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NaCl/Whl filters. The HNQ3 penetrating the denuder was ceollected
on an NaCl/Whl filter with or without a Teflon prefilter. Figures
T to 10 (pages 39 to 42) illustrate the design for the trials with
both clean and pre-spiled Teflon prefilters. The results summar-
ized in Table 10 indicate that for temperatures in. the range 21

to 32°C and relative humidities from 20 to 80%, the efficiency

for 85 to 135 ppb HNQ; averaged about 88%. This result was equal,
within experimental error, to that predicted by the Gormley-
Kennedy equation employing the measured diffusion coefficient for
HNOg .

Penetration of HNO3 through the denuder would yield apparent
particulate nitrate values which are too high with a corresponding
negative error in HNO; by difference. Any loss of particulate
nitrate in the denuder would produce the reverse. Tt will be
shown in Section V that the expected 12% penetration of HNOg
through the denuder was apparently more than offset by opposing
sources of error in atmospheric sampling.

Loss of Particulate Nitrate in the Denudér

The denuder is designed to permit passage of non-volatile particles
> 0.01 pm in diameter with high efficiency, based upon losses by
diffusion to the walls. However, loss of particulate nitrates

may occur by either or both of two additional mechanisms. Rela-
tively large-particle nitrate (e.g., NaNO3) may be lost by impac-
tion near the entrance of the denuder tubes and on the rough MgO
coating. In addition, ammonium nitrate, the most likely submicron
size nitrate compound in ambient air, might be lost by initial
dissociation to gaseous HNO; followed by diffusion of HNO3 to

the walls:

NH,NO3 2 NH3 + HNO3

Since the air stream is denuded of HNO3 by the denuder, dissocia-
tion of NHyNO3 may be enhanced within and downstream of the denuder
tubes.

To measure losses of NH4NOj particles, a nebulizer-type aerosol
- generator systeml was employed to prepare NH,NO; particles in
the ranges 0.1 - 0.4 ym and 1 - 3 pm. A denuder with eleven
freshly prepared 30 cm MgO-coated tubes was employed, oriented
vertically. A Royco Model 226 optical particle counter counted

particles » 0.1 um. If volatilization was involved in particle loss,

loss should be more evident in the smaller particles because
their higher surface area per unit mass would increase their
volatilization rate. To minimize experimental bias, identical
sampling probes and tubing were used upstream and downstream of
the denuder.
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Table 10 EFFICIENCY VALUES OF DIFFUSION DENUDER FOR
220 - 345 ug/m® (85 - 135 PPB) NITRIC ACID

Efficiency of

Trial Temp. °C R.H. (%) " 'Flow Rate, Lpm HNO3 Removal, %2
54 21 50 20 97.3
5B 21 80 20 96.9
16C 32 30 20 ‘ 87.3 £ 2.2
16D 32 30 | 20 85.6 + 1.1
16F 21 50 20 85.4 + 3.3
16F 21 50 20 83.5 + 0.k
Overall mean: 87.8 + 5.1

a. Calculated assuming that all nitrate penetrating the denuder is HNOj3 and
the mean TIN values (corrected for atmospheric nitrate, if present) are
to equal to the input concentration of HNOj.
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Table 11 summarizes the experimental conditions studied. . The
average residence time of a particle within a denuder tube at

20 Lpm is 0.3 sec. . Both the flow rate and R.H. were varied.
However, in all cases the downstream particle count remained
equal, within experimental variability, to that upstream for the
size ranges 0.1 to 0.2, 0.2 to 0.3 and 0.3 to 0.4 um. Thus no
loss of particles was observed.

In studies with 1 to 3 pm particles, results were obtained both
by filter collection and real-time particle counting. The
denuder was attached to one of three equivalent positions in

the NH,NO; generator system manifold. Nitrate penetrating the
denuder was compared to that at the other two positions. Since
the airstream penetrating the denuder should be nearly free of
HNO3, dissociation of NH4NO3 on an inert filter would be expected.
Accordingly, Teflon prefilters and NaCl/Whl after-filters were
used at this position.

Because of the limited flow capacity of the NH,NO3 generator, the
three samplers operated at 10 Lpm rather than the 20 Lpm employed
for field sampling with the denuder. However, the average resi-
dence time of particles and the air velocity within denuder tubes
was maintained approximately equal to that in atmospheric sampling
by using 6 denuder tubes in place of the 11 employed in field
sampling.

Losses were judged by comparing nitrate levels on the two filters
sampling at the manifold with the total NO3™ on the filters down-
stream of the denuder. In addition, a Climet Model 206 optical
particle counter (OPC) was used for repeated measurements of
nitrate particles upstream and downstream of the denuder. The
results shown in Table 12 indicate that losses are nil based on
filter collection. Similarly, the OPC data showed no difference
between upstream and downstream values.

We conclude that loss of 0.1 to 3 um particulate nitrate in the
denuder was not measurable. However, since atmospheric nitrate

can be present in particles > 3 um, and impaction of such particles
is likely, loss of particulate nitrate in the denuder cannot be
discounted. Unfortunately, the presently available system did

not permit experiments with > 3 um nitrate particles.

D. Modified Chemiluminescent NOx Analyzer Method

1.

Introduction

The dual channel NOy analyzer, Monitor Labs Model 88LOE, relies
on the chemiluminescent reaction between NO and ozone to detect
and measure NO. In one flow system, NO is measured selectively,
while a second flow system reduces NO, (and HNO3) to NO to give
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Table 11

CONDITIONS STUDIED FOR LOSS OF 0.1-0.4 um
NH,NO3 PARTICLES IN THE ACID GAS DENUDERZ

Trial Conditions

1 20 % R.H.

40 Lpm (0.15 sec residence time)
2 20% R.H.

20 Lpm (0.3 sec residence time)
3 60% R.H.

20 Ipm (0.3 sec residence time)
L 60% R.H.

10 Lpm (0.6 sec residence time)

a. The Royco Model 226 OPC provided particle counts in the ranges 0.1-0.2,
0.2-0.3, and 0.3-0.4 ym. Typical particle counts were 150,000, 60,000
and 8,000 per minute for the three ranges.
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Table 12
LOSS OF 2 £ 1 um NHuNOg_PARTICLES IN ACID GAS DENUDER

BASED ON PARTICULATE NITRATE COLLECTION®

Nitrate Levels (ng/filter)

Trial Upstream Downstream of Denuder
A 2759 + 300 25860
B 27Th £ 201 2952b

a. Nitrate collected upstream with Zefluor (Teflon) filters.
Nitrate collected downstream with a Zefluor and NaCl/Whl
in series. The latter retained HNO3 lost by volatilization
from the Teflon filter.

b. The nitrate on the NaCl/Whl after-filter was < 0.1% of the
total in 6-minute loading periods.
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a measure of total NOy (Figure LA). The total NOy signal minus
the NO signal yields the approximate NOy, since HNQ3 levels are
normally small by comparison to NOs. -

The analyzer was modified as described by Joseph and Spicer18 to
provide a continuous measure of atmospheric HNO3 (Figure LB).

The nylon filter shead of the second catalyst bed selectively
removes HNO3 but allows passage of NO and NO,. Thus this channel
provides a measure of total NOyx less HNO3. Since the other
channel measures total NOx (i.e., NO + NO, + HNO3), HNOj is
measured by the difference signal between the two channels. HNOj3
in ambient air is usually << NO + NO,, so the difference value
is obtained between two relatively large numbers. The modifica~-
tions made include:

a. 1installation of an additional NOx to NO converter, a heated
molybdenum catalyst, in what was originally the NO flow system,

b. installation of a 47 mm nylon filter in a glass fiber-filled
- polypropylene holder (Millipore 43 O4T 00)" in line shead of
this second catalyst,

c. 1increasing the temperature of both catalysts' beds from 315°C
to 350°C, to increase the efficiency of HNO3 conversion to NO,

d. moving the flow control orifices ahead of the catalysts and
nylon filter to place both flow channels under partial vacuum
and thereby minimize HNO3 losses on surfaces,

e. increasing the sampling rate from 250 mL/min to 720 mL/min for
faster response, and

f. increasing the system vacuum from 24 inches Hg to the maximum
attainable (28.5 inches Hg), to further minimize HNOj loss.

2. Evaluation Procedure

The performance of the modified analyzer was determined with NO,
NO, and HNO3. Dilute NO was generated by quantitative dilutions
of 5 or 50 ppm NO in N, with synthetic air or filtered ambient
air. NOp, was obtained by gas phase titrations of the NO with O3.
HNO3 concentrations were obtained by quantitative dilution with
dry cylinder or filter ambient air of 10 to 40 ppm HNO3 in dry
Mo from a 30 ft Teflon bag.l The concentration of the HNO4

in the Teflon bag was determined by a nitrate specific electrode
following bubbler collection in O0.1N NaOH and adjustment of
electrolyte.

*Used in place of a Teflon holder employed by Joseph and Spicer.
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Converter efficiency. for NO, was evaluated by bypassing each
converter, in turn, and adding ozone to the NO stream gas phase
titration and looking for changes in the NOy channel, while the
decrease in the NO channel was used to determine the 03 added.

Results

The response of the modified analyzer to NO, NO, and HNO3 are
shown in Figures 5 and 6 for NO and HNO3. The addition of Og

to the NO resulted in no reduction in NOy signal until the O3
concentration exceeded that of NO (56 ppb) indicating 100% con-
version in each case. The response of the instrument to HNO3 in
dry air differed from that for NO by about 10% at the upper end
of the range.

The lower limit of detection of HNO3 was estimated to be 6 ppb
based on twice the instrument noise. This compares to 1 to 2
ppb presently claimed by Spicer.l9 The instrument's rate of
response is a function of the time-constant setting. On the 20
sec setting, the time to 90% of final response to NO and NO, was
L6 sec. However with HNO3 at 50 to 60% R.H. an initial lag time
of between 0.75 and 8 minutes was observed, increasing with de-
creasing HNO3 concentration apparently due to conditioning of
the tubing. The time to 90% of final response ranged between 20
minutes to over 1.5 hours varying inversely with concentration.

We conclude that the continuous HNO3 analyzer, as described here,
is a very useful device for laboratory application. However,
successful application in the atmosphere must be preceded by
additional efforts to decrease the response time and limit of
detection to values similar to those reported by Spicer. The
higher 1limit of detection probably reflects the greater electronic
noise in the photomultiplier tube. The reason for the greater
response time remains unknown.

E. Intermethod Comparison of Techniques for HNO3 Measurement

1.

Objectives

The objectives of this series of experiments were: 1) to compare
HNO3 measurements by the difference technique to HNO3 by filter
collection (the Okita method) and to the modified Monitor Labs
chemiluminescent HNO3 analyzer, and 2) to obtain additional
evaluations of the efficiency of the HNO3 diffusion denuder for
HNO3 removal. Efficiency results from these experiments were
discussed in Section IIT.

Experiments were planned to simulate the meteorological extremes
encountered in the atmospheric sampling described in Section V.
Experiments employed either clean Teflon (Zefluor) prefilters or
Teflon filters preloaded with atmospheric particulate matter to
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Figure 5 . |
MONITOR LABS RESPONSE TO NITRIC OXIDE ON 100ppb RANGE
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T
:

assess the effect of particulate matter on the observed HNOj
levels by the Okita.precedure.

Results

Figures T through 10 show schematically the design for the four
experiments which yielded useful data, 16 C - F, together with
individual filter results. Two denuder plus after-filter systems
as well as two units for HNOj3 collection by the Okita method
sampled in parallel. In addition, two NaCl/Whl samplers were
operated without prefilters. One of the NaCl/whl samplers had
an empty holder (a stacked Nuclepore filter holder) in the pre-
filter position. Based on the experience gained in atmospheric
sampling (Section V), no filter heating was employed. Experiments
16 C and E used clean prefilters while D and F used prefilters
loaded with about 300 and 800 ug atmospheric particulate matter,
respectively;* For trials D and F the reported nitrate values
for the prefilters include atmospheric nitrate. The atmospheric
nitrate values are expressed in units of pg/filter and ug/m
based on the volume of air sampled in the subsequent laboratory
exposure.

Nitric acid values obtained by the three techniques are shown in
Table 13. Results discussed in Section III C indicate that the
diffusion denuder was about 88% efficient for HNO3 removal. The
method of HNO3 generation as well as the absence of significant
NO3™ levels on clean Teflon prefilters suggest that the 12%
average NO3™ penetration through the denuder was indeed HNO3 and
not particulate nitrate. Accordingly, particulate nitrate and
"HNO3 by difference" values are shown calculated with apparent
particulate nitrate (PN) values (i.e., equating all nitrate pene-
trating the denuder with particulate nitrate) and with results
corrected assuming PN = O except when atmospheric particulate-
loaded Zefluor filters were employed. Apparent "HNO3 by differ—
ence", while generally lower than HNO3 by the Okita method, agrees
relatively well with HNO3 by the Monitors Labs chemiluminescent
analyzer. However, our experience suggests the Monitor Labs

unit tends to give low results in laboratory trials because of
HNO3 losses to tubing walls in excess of those experienced by the
other techniques. Corrected "HNO3 by difference" agrees well with
HNO3 by the Okita method. Significant difference occurs only when
the prefilter is relatively heavily loaded with atmospheric par-
ticulate matter. The ratios of means, relative to the corrected
HNO3 by difference, show agreement by the three techniques within
11%. Relative to uncorrected HNO3 by difference, results agree,
on average, within 17%. In trial 16F with 768 g TSP per pre-
filter, the Okita method is 13 to 18% lower than the other tech-
niques reflecting the retention of HNO3 on the prefilter.

Future atmospheric trials sampling nitric acid by the difference
method will employ a denuder with sufficient total Mg0O tube length
to insure > 99% HNO3 removal. Under these conditions the present

¥ Samples for each trial collected simultaneously in Berkeley.
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method comparison employing the "corrected" results should be
more relevant.

Since the atmospheric particulate matter contains nitrate (in
Trial 16F it corresponded to about 6 pg/m3), in principle the
HNO3 results might err in either direction depending on the domi-
nance of HNOj adsorption on the prefilter or NH,NO3 dissociation.
In the present laboratory trial which maintained HNO; constant

at about 80 ppb, such dissociation should be repressed, favoring
the observed negative deviations in HNO4 (and increase in nitrate
retained on the prefilter used to measure particulate nitrate by
the Okita method). However, as suggested above, such retention
of HNO; may not be observable in atmospheric sampling (where

HNO; levels can drop to low levels) especially under conditions
of high particulate nitrates.

In addition to trials 16 C - F, two similar experiments were
attempted at 80% R.H. and 16°C. The conditions approach those
experienced st night and early morning in atmospheric sampling,
for which R.H. values > 90% were often found. However, under
these conditions losses of about 99% of the HNO3 (at a calculated
80 ppb) was experienced ahead of the filter samplers apparently
by collection on the walls of the glass dilution system and
sampling manifold. - The effective scavenging of HNO3 by surfaces
under these conditions suggests that retention of atmospheric
HNO3 on particulate matter-loaded Teflon prefilters (and perhaps
on suspended particles) at high R.H. should be efficient as well.

Conversely, loss of NH,NO3 by dissociation to HNO3 should be
repressed.
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IV. LABORATORY EVALUATION OF SAMPLING TECHNIQUES FOR H,S0y

A.

Introduction

Previous atmospheric sampling trials in Pittsburgl as well as those
for the present study in the Los Angeles Basin included both respir-
able particulate hi-vol and lo-vol sampling for H,80,. The latter
used a denuder for removal of atmospheric NH3 in an attempt to in-
crease the stability of any acidic aerosol collected. However, the
use of an ammonia denuder introduces a potentially significant source
of error in monitoring the acidity of atmospheric particulates. The
system H,0-NO3™=S0, ~NH, ~HCO3”-H,CO3 such as might be found in a
given aerosol particle, may exist in equilibrium with corresponding
materials in gas phase (e.g., HNO3, NH3, COp). The removal of NH3 from
the air stream might, therefore, induce+increased acidity in the par-
ticulate by causing disscciation of NH, to gaseous NH3 and HY. The
latter might then react preferentially with the most alkaline material
remaining, e.g., HCO3™, forming the weak acid H,CO3, not measurable

as strong acid by the titrimetric method used. However, if the bicar-~
bonate anion is consumed, further NH3 loss could lead to either H3O+
or HS0,”. In elther case, increased strong acid levels would then be
observed. Brosset has predicted that, at least for aerosols which
resemble agqueous solutions, such NH3 loss should oceur.20  In addition
to NH3 loss, transfer of phosphorous acid from the tubes of the denuder
to the filters would alsc cause increase in the measured strong acid.

Experimental Procedure

To assess these possible sources of artifact strong acid, Teflon filters
were loaded with < 0.2 um (NHy),SOy particles or (NHy)oSOy-NH,NOj
aerosol mixtures prepared from a solution of the two salts. The

loaded filters were exposed to air purified by removal of NOx, ozone

and organics heavier than ethane using triethanolamine and charcoal.

The purification train is described elsewhere.3? Atmospheric CO, was
not significantly removed and COp levels of 3_hOO ppm were expected.
Transfer of phosphorous acid to the filter was measured by sampling
humidified air through the denuder followed by a clean Teflon filter.
Strong acid was measured as previously described.l

Results

Table 14 summarizes the experiments performed running two filters in
duplicate. Acidity levels were compared to those of filters loaded

L5
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Table Wk

T
Assessment of Artifact H Formation Caused by Use of
An Ammonia Denuder at 20°C2

Clean Air Sampling Observed H+ Increase
Particulate Loading Conditions (as pg H580, per filter)
None 28 Lpm, 6 hours Not detected?

80% R.H.
L00 pg 0.2 + 0.1 um 28 Lpm, 6 hours Not detected?
(NH, )»80,,¢ 50% R.H.
416 g 0.2 + 0.1 um 28 Lpm, 6 hours Not detectedb
(NH, ) 280, 90% R.H.
370 ug 0.2 + 0.1 um o 28 Lpm, 6 hours Not detectedb
11:1 w/w (NHy),S0, :NH,NO3 58% R.H.
80 ug 0.2 + 0.1 um . 28 Lpm, 6 hours. Not detected?
0.35 w/w (NHy),S0y :NH,NO3 58% R.H.

a. All results based on filters run in duplicate side-by-side.
b. Filter acidity unchanged from that of filters not exposed to clean air.

¢c. Loading estimated from loading rate in other trials.

L6




with equal amounts of the salts but not exposed to the air stream.

At 90% R.H., (NH,),80, and the (NHy),S0,-NH,NO; mixtures should exist
as concentrated solutions (with dissolved CO,)¥* in droplets on the
filter, conditions which should favor NH3 loss as the system strives
to establish gas-liquid equilibrium. Nevertheless, no measurable
acidity increase was observed. Similarly, no increase in acidity

was observed with the blank Teflon filter.

In principle, NH3 could be formed from dissociation of NH4+—containing
particles during the 0.2 second calculated residence time within the
NHy-denuder tubes. However experiments with NH,NO3, described in
Section III, did not support the significance of such dissociation
making loss of NH3 from sulfate salts improbable, as well.

We conclude, therefore, that the use of the NH3 denuder does not cause
artifact HY formation either from NH3 loss from salts on the filter,
or by transfer of phosphorous acid.

* The equilibrium concentration of H,CO3 in water droplets in contact with

air is about 10-°M.21
L7




V.

ATMOSPHERTC SAMPLING

A.

Sampling Strategy

Sampling was performed during July, 1979 for eight days at each of
two sites, Lennox and Claremont, Californis. The sampling strategy
is outlined in Table 15. Lennox is in proximity to numerous sulfur
oxide emission sites, and might, therefore, be subject to relatively
high concentrations of H,S0, (Figure 11). Claremont is about 50 km
east of downtown Los Angeles, relatively distant from strong SO0y
emission sources. It was expected to exhibit low acidic sulfate
levels but elevated levels of nitric acid and particulate nitrate.

Experimental Procedures

The analytical methods used and their precision, accuracy and limits
of detection are shown in Table 16. In general, procedures followed
were those described for the preliminary field study in Pittsburg,
California.l,23 However techniques were modified to improve the
recovery of HpS0y. It was postulated that some of the loss of HySO,
previously observed resulted from neutralization by ammonia liberated
by dissociation of NH,NO3 or other NHz-containing materials on the
filter. To minimize such effects, samples were dried in vacuum to
remove weakly bound NH3, and stored at low temperature. In addition,

four-times larger filter sections were extracted to decrease the limit

of detection for Hy80,. Details are as follows.

Immediately following sampling, the samples for Ho S0, and gt analysis
were stored at < -20°C. Samples were held at room temperature for

30 min drying at < 1 mm Hg, during sectioning in an NH3-free chamber
under dry N;, and just prior to benzaldehyde addition. With hi-vol
samples, 70 em? filter sections were extracted in 15 mlL benzaldehyde.
After 15 min centrifugation at 2000 to 2500 rpm, 10 mL of the extract
were recovered from the clear supernatant. Sulfate was transferred

by liquid-liquid extraction intoQg nl HpO which was analyzed for HpSO,

by the ATHL microsulfate method. With lo-vol samples the 47 mm
Teflon filter was sectioned in quarters, two quarters being extracted
in 10 mL benzaldehyde. Nine mL of the extract were recovered For
analysis of HpS0y, as SOy~ following re-extraction into Hy0. The re-
maining two quarters were extracted in 10 mL water for H' and S0y~
analysis. Both benzaldehyde and aqueous extractions employed 60 min
mechanical shaking with an Eberbach Model 6000 platform shaker.
Atmospheric ammonia was sampled on oxalic acid-impregnated Gelman AE
filters at 25 Lpm with an unheated sampler.l A Gelman type A glass
fiver (pH = 7.6) filter removed particulate matter. NH3 was deter-—
mined as NH,* using an Orion ion-specific electrode.
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Species Analyzed
HpS0, (Hi-vol)

H;80, (Lo-vol)

H (Hi-vol) as
H,S0,

i (Lo-vol) as
HoS0,,

¥t (Hi-vol)

50," (Hi-vol)
o
80, (Lo-vol)

NO3~ (Hi-vol)

" (Lo~vol) -

~ (N3 sampler
prefilter)

_NH3 as Nﬁu+
*'HNO3 (nylon filter)

(HNO3 (NaCl/wh1) -

HNO3 (by difference)

Table 16

Sumnary ‘of‘ Analytical Methods and thelr Precision, Accuracy and Limits of Detection

Method

Benzaldehyde
Extraction-ATHL
S0y analysis

Same as sbove

Titration to pH = 4.0
Same as above

Selective ion
electrode

ATHL micro SO, koo

ATHL micro 50,~ %

Mtomated Cu-Cd
" reduetion-
© diazotization

Same as ‘above

Gelman A glass .e )
fibver ('pH = T, 6) .

Oxelic acid on Gel;
men AE. Selective
“'ion electrode.

Particulate

remcoval with Teflon -
prefiltere .

Same as sbove

See text

2,1 7

16 5 See text

Reference Precision (C.V.), %

24, 1, 23 13% at < 1 yg/m3®
> 1 pg/m3, see text

24, 1, 23 Not determined

25, 1, 23 361&t>10u§/m°’
40% et 0.5 pg/m

10,1, 23 Not determined
Mean 13% for 0.4 to
6 ug/w® samples®

% 5.8°

26 b

27 o 3.3

21 - 6.0

‘ 0.9°
"_28‘, 1 Not determined
3,1 7t

Limit of
Detection, Eg/m3
a

Est. 0.3
0.2

0.1°¢

0.2

0.7°

1.1°
1.1°

0.8
1.1%0¢

1. 1c,d

Not determined

a. Bas‘ed on anelysis of separsteé filter sections removed and extracted at mbout the same -ﬁj_.me.

b. Based on re-analysis of the same filter extracts ona different day.

c. Calculated for 1i~hdur samplén.

d. Subject to positive interi‘érénde meking limit of detection uncertain.

e. _Quantitation by the automated Cu-Cd reduction, diazotization method.

" f£. From laborstory studies.in Seetion III.

g. * Recovery studies are described in References 1 and 23.

h. Compared to the mean of analysis of 24 Hi-vol filter extracts by six methods.

i. _Cémparéd f.o the Dionex ion chromatograph for analysis of 2’4 Lo-vol samples.

J. Based on recovery with stendards.

Analytical

Accuracy, !

Not determined®

Fot determinea®

' Not determinea®

Not determined®

119° at 0.6 pg/m3¢

1068
102t

98

98
98

119 a.f: 0.6 ‘ug/m:":‘l

' See text

See text

See text

Comparison with simultaneous atmospheric NH3 measu.rements by Fourier transform

infrared spectroscopy (FTIR) for T, 2 or 4-hour periods consistently 2.5 * 0.5 ug/m lower NH3 by the filter
. technique with. atmospheric 1evels of 4.1 to 7.8 ug/m

) k‘. Samples were pre-treat.ed with Bio-Rad AG 30“—)(8 cation excha.nge resin to remove cationic interferents.
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The precision of H,SO0, determinations by benzaldehyde extraction, as
measured by duplicate filter sections removed from the same filters,
decreased sharply with increasing HyS0, level. Above 1 pg/m3 the

mean C.V. was 85% (n = 3) compared to 13% at < 1 ug/m3 (n = 9). Filter
sections removed after an additional one-month storage (at -10°C)
averaged 6% of the initial Hy50, determination. These results reflect,
most probably, the extreme sensitivity of H,80, recovery to details in
sample handling (e.g., the cumulative exposure to NHz). The atmos-
pheric H,80, values are, in general, considered minimum values.

Nitric acid was sampled with U7 mm, NaCl-impregnated Whatman L1
(NaC1l/Whl) cellulose filters and with Duralon (Millipore Corp.) or
Ghia Corp. nylon filters. For a number of sampling periods both
NaCl/Whl and nylon filters were run in parallel. Teflon prefilters
were used to remove particulate matter. Nitric acid values obtained

in this way will be referred to as "HNO3 by filter collection". Pre-
filters and HNO3 eollection filters were mounted in series in Nuclepore
multiple filter holders with 3.2 cm T.D. 15 cm length polycarbonate
inlet tubes. The sum of the nitrate on the Teflon prefilter and nitric
acid (as NO3~) on the nylon or NaCl/Whl after—filter equalled the total
inorganic nitrate (TIN). The efficiency of the prefilters for collection
of particulate matter is > 99.9% as measured with room air dust and a
condensation nuclei counter.29 In some cases following each sampling
period, ambient air, heated to a temperature which produced a relative
humidity of < 15% (about 50°C), was sampled for three minutes at 20 Lpm
to desorb nitric acid possibly retained on the prefilter and/or walls
of the sampler. In parallel with the Teflon prefilters, particulate
nitrate (PN) was sampled following passage of the atmospheric sample
through an inlet tube as described above and an acid gas denuder dis-
cussed in Section ITI C, Assuming no loss of particulate nitrate in
the denuder, the TIN less PN should equal the gaseous nitrate (i.e.,
HNO3). This is here referred to as "HNO3 by difference". Nitrate

was extracted from filters with 10 mL distilled HoO0 or, for nylon
filter, 5 mL 0.1N NaOH, by 60 min agitation using an Eberbach Model
6000 shaker. Basic extracts were neutralized with 5 mL 0.1N HCl prior
to NO3™ determination,

Summary of Data

Results obtained with the hi-vol and lo-vol samplers and the nitrate
reference sampler are tabulated in Tables 17 through 22, in pg/m3.
The results are discussed in the following sections. To aid in data

comparisons, graphical presentations are presented in nano-equivalents
per m°.

Particulate Acid Results

1. Lennox

The results for HpSOy, H', NH," and NH; are shown in Figure 12.
In addition, wind speed and direction are indicated by arrows,

52




Table 17

Analysis of Respirable Particulate Hi-Vol and NHj Sempler Results from Lennox, CA (ug/m3)

NHj3 Samplerb

Prefilter
NO3~

Hi~Vol Samplera

S R AR S ) e i STk T =

+

NHj
as NH

e, 80," NO3~

H,80,

Time (PDT)

- 6-8

Date

......

------

8-10
10-1k4
14-18
18-22
22-06

1/10/79

......

------

......

......

6-8

8-10
10-1k
14-18
18-22
22-06

7/11/79

......

------

6-8

8-10
10-14
14-18
18-22
22-06

1/32/79

......

......

6-8

8-10
10-1h
14-18
18-22

22-06

7/13/19

OOy OV Uy

......

.....
QNS T
y e

N~HOooOO0OOG
v Vv v Vv

......

6-8
8-10
10-1h
1%-18
18-22
A AL

o

T/14/79

------

------

......

6-8

8-10
10-1h
14-18
18-22

T/15/79

22-06

6-8
'8-10
10-1%
14-18
18-22
22-06

T/26/79

------

6-8

8-10
10-1h4
22-06

14-18
18-22

T/11/79

' Collected on acid-washed Pallflex quartz 2500 QAO filters.

pregnated Gelman AE glass fiber filters following particle removal

with Gelman A glass fiber prefilters,

Samples collected on oxalic acid im

b.

Sample lost.

c.
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NH3
+
as NH,

NH3 Samplerb

Prefilter
NOy

Table 18

Hi-Vol Sampler®

HpSOy

MO N O NV OO0 WrHT O OIS0 QO AN DO T NO M@ O t-N @~

e o e v e e 2 T s e s e ; + s 8 & s e s« & s 2 & 2 & v & 8 & s s s s ® & s s 8 s s e =ow e a4 e e

..........................................

................................................

v

o

Analysis of Respirable Particulate Hi-Vol and NH3 Sampler Results from Claremont, CA (ug/m3)

Time (PDT)

Date

OO N\D oSO N OO NWY o0 N O T AO O 0 N QAN [ . ol VAVs]
297588 2ATHE8 3TRE8 3TTFE 9GRN 8 057088 23R8 L2772 HS
WO OO AN VO OST DO N VO OFTOWN VO OTON VOO0 N VOO0 QN VWO OSTOQN 68014&2

AN A AN AN Hre-Aoq He QN ~ - - N AN AN
@ @ @ > 2 2 o 2
S 3 3 8 g 5 ) B
~ ~ ~ ~ ~ ~ ~ ~
= ~ = ~ = ~ ~ =

Samplescollected on acid-washed Pallflex quartz 2500 QAO filters.

&.

See footnote b, Table 7.

b.

Sample lost.
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Analysis of Lo-Vol Respirable Particulate Samples (with NH3 Denuder)

Date

7/10/79

T/11/79

T/12/79

T/13/79

T/14/79

T/15/79

T/16/79

T/17/79

Table 19

from Lennox, CA (ug/m3)a

Time (PDT)

6-1k
1422
2206

6-14
1h-22
22-06

6-1L
1h-22
22-06

6-14
1422
22-06

6-1k
1h-22
2206

6-1k
1h-22
22-06

6-14
1h-22
22-06

6-1L
1422
22-06

a. Samples collected on 2.0 um Teflon (Zefluor) filters.

b. Samples lost.

Ho50y

H KO N o
S i@ o]

loNeNe]
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Table 20

Analysis of Lo-Vol Respirable Particulate Samples (with NH3 Denuder)
from Claremont, CA (ug/m3)@

Date

7/22/79

T/23/79

T/24/79

7/25/79

T/26/79

7/27/79

7/28/79

7/29/79

Time (PDT) H, S0y,
6-14 0.k
1h-22 0.4
22-06 0.3
6-1L 1.0
1422 1.2
2206 0.9
61k 1.0
1422 0.7
22-06 0.7
6-1h 0.4
1k-22 0.4
2206 0.8
6-14
1h-22 1.0
22-06 1.1
6-1k 1.0
1422 1.3
2206 0.8
6-1k .0.8
1422 2.5
22-06 1.0
6-14 0.6
1422 0.9
22-06 1.3

il S0y
< 0.3 10.3
< 0.3 8.7
1.2 6.7
0.6 12.1
1.2 19.0
< 0.3 10.0
2.3 20.2
3.1 22,4
< 0.3 20.7
< 0.3 22.2
0.6 20.9
0.3 13.6
Samples Lost
0.9 21.0
1.k 11.5
2.0 16.9
1.5 20.1
1.0 10.6
0.8 k.7
0.6 1ik.5
0.3 13.8
1.3 17.5
< 0.3 22.1
0.4 21.2

a. Samples collected on 2.0 um pore size
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Nitrate and Nitric Acid Results with the Nitrate Reference Sempler at Lennox, CA (ug/m3

Total Inorganic Nitrate Sampler

Table 21

Particulate Mitrate Sampler

Pre- After—b Pre- After-
Date Time (PDT) filter filter Total filter filter Total
6_81; < 2.3 3.2 5.0 < 2.2 4.6 2.7
8-1 10.9 21. 32.3 5.9 8.9 1k.8
7/10/79 14-22 4.5 2.1 16.5 3.4 5.2 8.7
22-06 1.6 1.2 2.8 < 0.5 1.1 1.4
6-14 4.5 3.k 7.9 3.1 2.4 5.4
T/11/79 1k-22 13.3 11.9 25,2 9.3 5.7 15.0
22-06 7.8 6.2 1h.1 6.6 6.2 12.8
6-14 9.2 6.0 15.2 el 4.8 9.2
7/12/79 1bk-22 2.0 8.2 10.2 8.5 h 12.9
2206 5.9 4.8 10.6 4.9 2.9 7.8
6-14 5.7 7.6 13.3 5.3 3.9 9.2
T/13/79 14-22 3.7 6.2 9.9 4.1 3.1 7.2
22-06 5.7 7.5 13.2 6.9 3.7 10.6
6-1k 4.9 18.8 23.7 3.2 6.1 9.3
7/1k/79 14-22 2.0 5.4 T.4 3.4 2.1 5.5
. 22-06 2.8 3.6 6.5 2.3 1.5 3.8
A1l 2.5 s, 18.5 2.5 4.5 Toit
T7/15/79 14-22 1.8 4.3 6.1 1.9 1.6 3.6
22-06 2,0 6.3 8.3 2.1 3.3 5.4
6-1k 1.k 18.4 19.8 1.0 6.3 7.3
T7/16/79 1h-22 2.1 5.4 7.5 1.7 2.9 4.6
22-06 4.7 5.3 9.9 3.0 5.0 8.0
6-14 6.2 11.5 17.7 h.7 7.3 12.1
T/27/79 1h-22 3.9 < 0.5 b1 2.9 6.5 9.4
22-06 3.4 3.3 6.6 1.7 3.5 5.2

a. All samples heated 3 min. at

b. Ghia nylon.

¢. Total inorganic NO3~ sampler

5T

ebout 50°C following particulate collection.

minus particulate NO;3~ sampler results.

as NO3™)
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Table 22

Nitrate and Nitric Acid Results with the Nitrate Reference Sampler at Claremont, CA (ug/m3 as NO3™)

Total Inorgenic Nitrate Sampler Particulate Nitrate Sampler

Pre- After- Pre- After-

Date Time (PDT) filter filter Total filter filter Total

N 06-14 7.1 22.3° 29,4 4.1 15:1°  18.2
7/22/19 1h~22 4.6 19.5 24.1 2.7 6.3 9.1
22-06 5.3 7.8 13.1 4,0 2.4 9.4

0630-1030 13.2 w4t e 8.4 25.9¢  3u.3

1030-1230 16.0 63.5 79.5 9.4 31.6 h1.0

1230-1430 1.1 67.1 81.2 6.5 20.9 27.4

7/23/79% 1430-1630 7.3 67.1 Th.h 7.9 21.1 29.0
1630-1830 T.7 8.6 86.3 5.6 19.0 24h.6

1830-2230 7.6 27.7 35.3 5.0 7.1 12.1

2230-0630 9.6 h.5 k.1 6.9 1.9 8.8

0630-1030 35.3 5.1 lo.k 3.1 b.5¢ 7.6

1030-1230 33.9 34.9 68.8 21.4 27.3 L8.7

\ /1P li30-12308 13.h 80.4 93.8 63.4 23.0 86.4

7/24/79 1430-1630 —_— ——— — — — e
1630-1830 8.1 L5.4 53.5 6.4 12.1 21.4

1830-2230 8.0 29.3 37.3 5.9 7.1 13.0

2230-0630 8.4 h.L 22.8 17.0 2.4 19.4

0630-1030 29.5 T 22.0 12.5%  3n9

1030-1230 26.8 L8.7 5.5 13.2 14.8 28.0

b 1230-1430 6.8 54.6 61.h4 h.h 25.5 30.0
7/25/79 1430-1630 6.8 57.1 64.9 3.8 20.9 24,7
. 1630-1830 2.8 45.2 48.1 3.5 8.8 12.4

1830-2230 8.9 19.9 28.8 6.3 6.4 12.7

2230-0630 16.4 3.2 19.6 14.6 1.6 16.2

0630-1030 57.2 7.5 647 b5.8 7.1 53.0

1030-1230 32,9 46.5 79.3 19.3 22.1 b1k

b 1230-1430 11.3 80.4 91.7 < 2.1 < 2.1 < .2
T/26/79 1430-1630 4.6 89.6 9k4.2 7.3 52.0 59.3
1630-1830 5.1 62.5 67.6 3.4 15.0 18. k4

1830-2230 . 8.8 19.8 28.6 6.9 6.8 13.7

2230-0630 17.6 5.3 22.9 15.4 2.8 18.2

a 06-14 18.5 49.8°  68.2 11.8 36.7°  L48.5
T/21/79 1h-22 §.2 25.4 29.5 3.4 10.4 13.8
22-06 6.3 9.k 15.7 3.6 8.7 12.3

o 06-1Y4 22.6 41.5°  64.2 15.8 23.2°  39.0
7/28/79 14-22 5.1 28.6 33.7 2.9 4.6 7.6
22-06 7.2 9.4 16.6 3.7 4.6 8.4

. 06-14 14.6 uy.0%  58.6 10.8 31.0° M9
7/29/79 1422 5.5 16.9 22.4 5.2 13.8 18.9
22-06 8.3 16.4 2h. 7 3.8 12.3 16.1

Samplers heated 3 min. at ca. 50°C following particulate collection.

Samplexrs not heated.
Ghia nylon used for all after-filters on this day.
NaCl-impregnated Whatman 41 used for all after-filters on this day.

Duralon nylon filters used for all after-filters on this day.

Total inorganic N03" sampler minus particulate Nog" sampler results.

Power failure.
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the arrowheads denoting the midpoints for eight-hour average values.
Blanks indicate results below limits of detection. Samples showing
the highest HpS80, levels corresponded to W and NW winds during the
preceding night and early morning hours (i.e., from the direction
with strong sulfur oxide emissions). On these days, elevated levels
of both H,S0, and total strong acidity were observed with values

up to 200 neq/m3 (11 pg/m3 as HyS504).

Correlation coefficients for linear regression between the aerosol
and gaseous constituents are shown in Table 23. For cases with

r > 0.5, the regression equations are given in Table 2k. For eight
days of sampling the correlation between hi-vol H' and H,80, was
relatively low (r = 0.45). Gaseous HNOj at Lennox ranged from
below detection to 230 neq/m3 (15 pug/m3). A fraction of this HNOg
adsorbed on particulate matter would contribute to the strong
acidity measurement. The correlation coefficient between the neq
H,S0, plus HNO; and strong acid measurements was 0.82, providing
limited support for the significance of HNOg in particulate acidity
measurements.

The hi-vol and lo-vol HY measurements show moderate linear correla-
tion (r = 0,6h). The lo-vol samples yielded relatively high strong
acid levels but low recoveries of Hy80,. Furthermore, the correla-

tion between hi-vol H,S0, and lo-vol H* was relatively high (r = 0.83).

These results are consistent with the conversion of H,50, to NH,HSO,
on the filters since the acid sulfate is extracted with lower
efficiency by benzaldehyde, but titrates as a strong acid. The
average recovery of HY on the hi-vol sampler was 50% of that with
the lo-vol with NH3 denuder. The greater H' values on the lo-vol
relative to hi~vol samples may be indicative of the effectiveness
of the NH3 denuder in preserving samples from neutralization by
atmospheric ammonia. However, the negative correlation between
hi-vol H* and NH3 was only moderate (r = -0.54). As shown in
Section IV, the denuder does not cause artifact strong acid formae-
tion in laboratory trials with (NHy,),S0, and (NHy),S0,-NH,NO3
mixture.

Based on the precision data, and decrease in recovery following
an additional 30-days storage, the measures taken to preserve the
atmospheric filter samples were insufficient to eliminate H,S0,
loss. One measure of such loss is provided by comparing corres-
ponding H,S0, and 80, levels since the latter represent an upper
limit to the H,80, levels. At the H,80, maxima, the H,S50, and i
levels were 80 to 110% of the 504= concentrations, suggesting for
these samples, at least, losses are relatively minor. However
partial extraction of NH,HSO, by benzaldehyde may be influencing
these results. In general, H,80, represented 10 to 20% of the
sulfate.
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Table 24 LINEAR REGRESSION ANALYSIS OF AEROSOL AND GASEOUS POLLUTANTS

SAMPLED AT LENNOX, CALIFORNIA®

units units
¥y p.3 of y of x b a r n** pttt
LV BHt HYV H,SO0y ug/m3 neq/m3 0.07h 1.78 0.8k 1k 1.00
HV B HV 80,7 ug/m3 ug/m3 0.35 - 1.16 0.66 3k 1.00
LV H,S04 v "t g /m3 neq/m3. 0.013 0.46 0.70 18 1.00
BV H' Lv 1t ng/m pg/m? 0.35 0.58 0.6l 12 0.98
LV 80,7 Hv Bt pg/md neq/m3 0.11 8.66 0.69 19 1.00
v H* NHg ug/m3 ug/md - 0.23 1.30 0.54 12 0.93
HNO4 Ev HY neq/m3 neq/m3 1.36 36.8 0.69 15 1.00
HV H,S50, + HNO3 Hv H* neq/m®  neq/m3 2.0k 35.5 0.82 16 1.00
LV 80,7 HV 80,7 ug/m3 ug/m3 1.4 1.23 0.91 23 1.00
HV NO5~ NHj ug/m3 ug/m3 0.60 0.56 0.53 22 0.99
LV HpS0y LV 80, ug/md ug/m3 0.068 0.0L 0.55 22 0.99
LV H,SO0y HNO3 ng/m’ ug/md 0.09 0.50 0.6k 23 1.00
w gt S0, ug/m3 ppm 206 - 0.29 0.54 10 0.89
w H* HNO4 ng/m3 pg/m3 0.35 1.92 0.50 1k 0.93
LV HY  HV HpS04 + HNO3  wg/m3 neq/m3 0.025 1.00 0.71 1k 1.00
LV 50,7 HNO3 ug/m3 ug/m3 0.62 9.1k 0.58 23 1.00

# y = at bx

*¥* number of data pairs

+ LV = low-volume sampler

+ HV

- +++ Significance of the difference of the correlation coefficient, r, from zero.

high-volume sampler
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Claremont

As shown in Figure 13, the maximum H,S0, levels observed at Clare-
mont were about half those at Lennox. There is no correlation
between H' and H,S0, levels (r = -0.24 and 0.09 for hi-vol and
lo-vol samples, respectively). Gaseous HNO3 at this site ranged

up to 1200 neq/m3 (76 ng/m3). The diurnal variations for the HNOj
concentration, measured by the difference method, are also shown

in Figure 13. The addition of HNO3 to the H,80, level improves

the correlation with particulate HY, but the correlation coefficient
remaeins relatively low (r = 0.L4L).

The concentration of gaseous NH3 at Claremont exceeded that at
Lennox exhibiting a pronounced diurnal maximum during early morn-—
ing hours. Negative correlations between NH3 and it or Ho S0y,

with the unprotected respirable particulate hi-volume sampler
might be expected. The observed correlation coefficients were

r = -0.52 and r = -0,05 for H' against NH3, and H,S0, against

NH3, respectively. Thus, while neutralization of airborne HpS80,
aerosols by atmospheric NH3 is highly likely, no correlation
between the NH3 level at the sampling site and the Hp80, concentra-
tion is seen.

The sum of the equivalents of sulfate and nitrate may be compared
to the total of H' and ammonium ions at both sites. For 16 sampling
periods the cation:anion ratio of equivalents averaged 0.68 + 0.21.
Even during periods of elevated H,S0, and/or H+, the ratio remained
within the variation shown. Thus other water-soluble cations (e,g,,
Na+, K+, Ca+2) contribute to the particulate matter.

Measurement of Nitric Acid

Atmospheric sampling was done by the Okita and Spicer methods with
and without filter heating. Figure 14 compares atmospheric HNO4
results on heated, NaCl/Whl and nylon filters. Consistent with
the laboratory findings for samples with < 500 ug NO3™/filter
(Section ITI), results on the NaCl/Whl filters (i.e., the Okita
method) are slightly higher than on nylon.

Measurement of HNO3 by filter collection is subject to positive
error if particulate nitrate is lost from the Teflon prefilter.
However, HNO3 measured by TIN minus PN ("HNOj by difference")
should be independent of such error. Figure 15 compares "HNOj

by difference" and HNO3 by unheated filter collection. The results
show high correlation. The higher values by filter collection

are consistent with the loss of nitrate from the prefilters. The
same comparison, but with heated filters, is shown in Figure 16.

Again, results correlate well, with higher values by filter collection.

However, there is greater average deviation from "HNOg by difference"
compared to results without heating, implying increased NO3~ loss
from the prefilter.
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Figure 15 Comparison of HNO3 by filter collection and "by Difference" Using
Unheated Samplers
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In Section IIT losses of HNO3 up to sbout 25% were shown on Teflon
prefilters bearing atmospheric particulate matter, the level in-
creasing with particulate loading. This produced a corresponding
negative error in nitric acid measurements by the filter collecting
technique using these prefilters. In the present atmospheric
trials, while TSP measurements were not made, such negative errors
appear to be offset by losses of volatile garticulate nitrate from
the prefilter. Assuming a TSP of 100 ug/m3, the atmospheric par-
ticulate matter collected in 2, L and 8-hour samples equals 240, 480
and 960 ug/filter. From Figure 1, only the eight-hour samples
would show retentions > 10%. However, in locations with relatively
high HNO3 levels but low particulate nitrate, errors in HNOg
measurement due to retention of the acid on particulate matter

may be detectable.

Figure 17 compares "HNO3 by difference" to simultaneous HNO3 by
measurements by a long-path Fourier transform infrared (FTIR)
technique, here considered to be the reference method. FTIR data
were obtained by averaging results obtained at 15 to 30-minute
intervals. The ratio of means, HNO3 by difference.: HNO3 by FTIR
was 1.2, implying an average accuracy of 80% for the difference
method. However, the linear correlation coefficient was low

(r = 0.2). Because of the generally higher results for "HNO3 by
difference" only lower limit estimates of the error in the HNO3
values by filter collection can be inferred from comparisons with
"HNO3 by difference" as in Figures 15 and 16.

These results may be considered viz-a-viz the 88% efficiency
measured for the denuder for HNO3 removal. A 12% penetration of
HNOj3 should yield high PN values. Since PN represented, on average,
nearly 50% of the TIN, this should yield about 12% low "HNO3 by
difference" values. Comparing "HNO3 by difference" to FTIR results,
results with the former suggest that opposing sources of error
(e.g., loss of particulate nitrate) more than offset that caused

by HNO3 penetration. While laboratory studies could not demonstrate
loss of 0.1 to 3 um PN particles in the denuder, loss of > 3 um
nitrate-containing particles remains a possible explanation for

the high "HNO3 by difference" results.

Negative Errors in Particulate Nitrate Sampling

Although Teflon and guartz filters yield low levels of artifact
particulate nitrate, particulate nitrate sampling with such inert
filters is subject to negative error because of volatilization of
NH,NO3 and reactions liberating HNO3. Figure 18 is a scatter
diagram of nitrate against HY results both obtained from two to
eight-hour samples collected with the respirable particulate hi-
vol sampler and acid-washed quartz filters. No correlastion is
evident suggesting that other factors control the observed NO3™
levels,
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Figure 17 Comparison of HNO3 by Long Path Fourier Transform Infrared (FTIR)
and "by Difference"
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Figure 18

SCATTER DIAGRAM OF NITRATE AGAINST STRONG ACID CONCENTRATIONS
FOR HI-VOL SAMPLES COLLECTED ON QUARTZ FIBER FILTERS
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A somewhat more specific evaluation of the effect of particulate
acids on nitrate loss is provided by examining the results

obtained with the particulate nitrate sampler. The nitrate
collected on the Teflon filter downstream of the acid gas denuder
is subject to losses both from volatilization and particulate
acid-nitrate salt reactions. Gaseous acid-nitrate salt reactions
would be negligible because of the use of the acidgas denuder.

The nitrate lost by either mechanism was collected on the reactive
after-filter. The proportion of the total 8-hour average total
particulate nitrate retained on the Teflon filter is plotted
against simultaneous strong particulate acidity values in Figure 19.
Only data from Lennox, California were examined because of the high
particulate acidity levels observed at that site. For concentra-
tion of strong acid which reached nearly 11 ng/m3 (expressed as
HZSOH) and nitrate levels up to 9 pg/m3 on the prefilters, a correla-
tion coefficient of -0.75 was observed, providing some support for
the significance of this loss mechanism. By contrast the analogous
plot against 1/T (°K) showed no correlation (r = -0.15) implying
that volatilization was not the dominant source of particulate
nitrate loss at this site.

The extent of the loss of particulate nitrate from Teflon filters
during atmospheric sampling was estimated by comparing the nitrate
results on Teflon prefilters with those from simultaneously
collected PN samples using the acid gas denuder (i.e., the sum of
the NO3~ on the Teflon filter and reactive after-filter). With
unheated samples, the results (Figure 20) fall into two sets, one
with reasonable agreement between techniques and the second, with
much lower prefilter results. The first set corresponds to
samples collected during night and morning hours. The samples
deviating badly were collected with ambient temperatures in the
range 29 to 35°C and relative humidities about 30%. Under these
conditions, more than 50% of the nitrate appears to be lost from
the Teflon prefilters. Figure 21 makes the same comparison using
heated samplers. The results for all samples are similar to those
in Figure 20 when the ambient temperature was high, indicating
that most of the nitrate on the prefilter has been lost. Because
of possible loss of PN in the denuder, errors inferred for the
prefilters are minimum values. We conclude that the PN sampler
(Figure 3) gives a more reliable measure of particulate nitrate
than collection on Teflon filters.

Positive Errors in Particulate Nitrate Sampling with Glass Fiber

Filters

Artifact particulate nitrate formation can be a major source of
interference with glass fiber, cellulose, and cellulose ester
filters. FEarlier studies comparing atmospheric nitrate collection
with six filter types to the results from laboratory exposures of
these filters to nitrogen oxides, suggested that retention of
nitric acid, rather than NO,, was the dominant source of artifact
particulate nitrate formastion.30 Atmospheric sampling of nitrates
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Fraction of Particulate Nitrate on Teflon Prefilter

Figure 19

SCATTER DIAGRAM OF THE PROPORTION OF PARTICULATE NITRATE
RETAINED BY A TEFLON FILTER AGAINST THE PARTICULATE
STRONG ACID CONCENTRATION AT LENNOX, CA
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with Gelman A (pH = 7.6) glass fiber filters demonstrated that the
concentrations measured were equal to the TIN at low (< L ug/ms)
HNO3 levels.

In the present study this evaluation was extended to higher HNO4
and TIN levels. Figure 22 compares TIN values to nitrate concentra-
tions obtained with LT mm Gelmsn A (pH = 7.6) glass fiber filters
sampling for two to eight hours at 25 Lpm. Again, the results

are not significantly different. Since NO, at ambient levels is
not collected on nylon or NaCl/Whl filters,l,13,31 these findings
confirm that nitric acid is the principal source of artifact par-
ticulate nitrate on glass fiber filters, at least at the locations
studied. Similar behavior would be expected with 2L-hour samples
using the more alkaline (pH > 9) glass fiber filters typically
employed in high-volume samplers.

Atmdspheric Nitrate and HNO3 Levels at Claremont, California

Figure 23 compares the diurnal variations of PN with those for

HNOg Zby difference) and O3 at Claremont. HNO3 and O3 show similar
diurnal patterns consistent with previous reports using real-time
analyzers.32 The diurnal maximum for particulate NO3™ occurred
earlier in the day, compared to those for HNO3 and O3, again con-
sistent with earlier results.33

Intermethod Comparison of Technigues for Atmospheric Ammonia
Determination

Atmospheric NH3 results obtained by the oxalic acid-impregnated
filter technique are compared to those by FTIR in Figure 2h. FTIR
data are averages of results obtained at 15 to 20-minute intervals
for comparison with the two-hour integrated values by the filter
method. The results are highly correlated, but FTTR values are
consistently higher. The mean difference in the data sets is

2.5 + 0.5 ug/m3 (as NH4+). Assuming the FTIR results to be correct,
the present comparison suggests that 1) NH3 may be lost by adsorp-
tion and/or reaction on the glass fiber prefilter and its particu-
late matter, and 2) that such loss dominates over the opposing
source of error, reactions of ammonium salts on the prefilter
liberating NH3. Alternatively, the impregnated filters may be
inefficient for NH3 collection at very low concentrations.

The Role of Ammconia in Nitrate Chemistry

Atmospheric ammonium nitrate is believed to exist in equilibrium
with NH3 and HNOj:

NH,NO3(s) Z NH3(g) + HNO3(g)

K = (NH3)(HNO3)

The equilibrium "constant" is_dependent on temperature and, perhaps
on relative humidity as well.T High concentrations of ammonia

>
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NH3 BY FTIR (ug/m3as NHJ)

Figure 24 COMPARISON OF NH3 BY LONG PATH FOURIER TRANSFORM
INFRARED (FTIR) AND BY OXALIC ACID- IMPREGNATED FILTERS
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should lead to low observed HNOj levels. Figure 25 is a
scatter diagram of HNO3 concentration against NH3. While the
negative correlation coefficient is relatively low, -0.47, the
trend supports expectations.

The NH3 and HNO3 data may be used to calculate the above equilibrium

constant. Since at low concentrations the NH3 and HNO3 are

probably below the equilibrium concentration based on saturation
with respect to NH,NO3 dissociation, the resulting concentration
product would provide only lower limit values for K. Figures 26
and 27 plot the concentration product against relative humidity

and 1/T (°K) for cases with products > 5(ppb)2. The dissociation

constant is highest at low R.H. and high temperature. These
findings are consistent with the preceding results which showed
the greatest loss of NO3~ from prefilters at the highest tempera-
tures and lowest R.H. Figure 25 also shows results segregated by
R.H. range. At constant temperature, lower R.H. seems to favor
higher K wvalues. The median concentration product for the data
plotted was 15.8 (ppb)2. This value is similar to those reported
by Stelson et al.? and compares to the value > 21 (ppb)2 reported
in Section IIT for volatilization of pure NH,NO3 at 50 and 80%
R.H. and 21°C.

Figure 13 noted elevated early morning levels of WH3. It follows
that the observed diurnal variation for HNO3, with its midday
maximum, might reflect, at least in part, the decreased concentra-
tion of NH3 rather than a photochemical origin for HNOj.

The Composition of Atmospheric Particulate Nitrate

The preceding discussion of the role of NH3 in particulate nitrate

formation provides support for the significance of NHyNO3 in atmos-

pheric particulate matter. 1In addition to this salt, nitrate may
be present as the sodium (or other metal) salt,* as adsorbed HNOg
or as addition compounds, e.g., NH4N03-2HN03.36 The latter two

would contribute to particulate acidity. It was shown in Section V D

that the correlation between total strong particle acids and the
sum of particulate HyS80, and gaseous HNO3 was substantially better
than between strong acid and H»S0, alone. This was interpreted as
support for the significance of adsorbed HNO3. Additional support
was previously reported using temperature-programmed electron
spectroscopy for chemical analysis (ESCA).36 Volatilization rates
for nitrate and ammonium from atmospheric samples were greatly in
excess of those from pure NH,NOj.

The chemical nature of particulate nitrate may also be revealed
by the pattern of nitrate collection following passage through
the diffusion denuder. If this nitrate were non-volatile, all

* Reference 3L discusses techniques to distinguish NH,NO3 from
NaNO3 and their application in atmospheric sampling.
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by reaction of the nitrate salts with particulate acids).

Figure 28 plots the fraction of the nitrate retained by the
Teflon prefilter against the ambient HNO3 concentration measured
by the difference method. The data plotted are for the three

episodes, T/24, 7/25. and 7/26/80 when no filter heating was
employed. In spite of the removal of 88% of the HNO3 by the i
denuder, the fraction of nitrate retained on the prefilter is '
negatively correlated with the HNO3 level. Assuming 12% pene-~ |
tration of HNOj3 through the denuder (see Section III), the mean
nitrate expected on the after-filter due only to the HNOj3 is

2.9 ug/m®, compared to an observed mean of 1h.k ug/m3 (n = 19).
Thus, on average, the observed NO3~ on the after-filter is five
times that explainable by atmospheric HNOj penetration. These
results are consistent with the significance of particulate-
bound HNO3 which is easily desorbed when gaseous HNO3 is removed.

|
|
l
would remain on the Teflon filter (excepting the HNO3 liberated
i
T

However, these observations lend themselves to alternate inter-
pretations. Figure 29 shows a similar plot against average
ambient temperature for the same episodes. Data points are also
coded for R,H. range. Clearly high temperature and low R.H. can
also be related to low retention of nitrate on the filters. Such
an observation is qualitatively consistent both with loss of
adsorbed HNO3 (or dissociation of HNO3-NH,NO; adducts) and NH,NOj3
dissociation on the prefilter. The latter should also be favored
by elimination of HNO3. Further work is needed to elucidate the
contributions of the various nitrate compounds to atmospheric
particulate matter especially as regards the role of particle-
bound nitric acid.

Conclusions

1. Significant levels of H,S0, and particulate acidity have been
observed for the first time in California ambient air. The
highest level of H,80, found was 220 neq/m3 (11 pg/m3) for a
four-hour period. This compares to California's 2h-hour stan-
dard of 25 pg/m3 for total water soluble sulfate.

2. Particle bound HNO; appears to contribute to the observed
particulate acidity.

3. The strong dependence of H,S80, levels on wind direction at
Lennox suggests that stationary emissions of H,S0, and/or
503 were the source of the observed H,S0,.

L. Short-term sampling is useful in minimizing losses of H,S80,.

5. Glass fiber filters approximate total inorganic nitrate samplers,
collecting both atmospheric particulate nitrates and nitric acid.

6. In California's South Coast Air Basin, (as well as in Pittsburg,
California as shown in Phase I), nitric acid is the only
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obgervable contributer to artifact particulate nitrate forma-
tion in atmospheric sampling with glass fiber filters.

The heating of filter samplers for particulate nitrate and
HNO3 causes increased error. Even without heating, > 50%
losses of particulate nitrate from the Teflon prefilter can
occur with corresponding positive errors in HNO3 measurement.

Nitric acid values obtained by difference between total in-
organic nitrate and particulate nitrate measurements are

too high. Nevertheless, these results are more accurate than
those by simple filter collection techniques.

Sampling of particulate nitrate with an acid gas denuder, Teflon

prefilter and HNOj3 trap provides improved sampling accuracy com-
pared to collection with Teflon filters.
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